We generated overlays of the published crystal structure of d(CTA f CG f CG f CGTAG) 2 , which has a unique helical conformation (PDB 4QKK) 17 , in addition to an identical duplex that we crystallized in an alternative space group (PDB 5MVU) and its control, a nonformylated-sequence analog (PDB 5MVK) (Fig. 1) . A summary of all-atom r.m.s. deviations of the crystal structures from each other and from computationally generated 21 ideal A-and B-DNA is shown in Table 1 . To decrease the effects of crystal-packing artifacts, which were most pronounced at the duplex ends, r.m.s. deviations are also given for the 8-mer core, which, for the structures PDB 4QKK and PDB 5MVU, contains the f C residues. These effects were particularly pronounced in PDB 4QKK, whose crystallization salt concentration was an order of magnitude higher than that used in this study (Fig. 2a-c and Supplementary Table 3 ). The comparison showed that deviation of the f C-containing structures from the unmodified analog PDB 5MVK was small; for the 8-mer core d(A f CG f CG f CGT) 2 the r.m.s. deviations of PDB 5MVU and PDB 4QKK from PDB 5MVK were only 0.51 Å and 1.45 Å, respectively (322 atoms). Moreover, the r.m.s. deviation between the two identical f C-containing duplexes (1.21 Å) was more than twice that between the unmodified and f C-modified duplexes that crystallized in the same space group and was comparable to the r.m.s. deviation between PDB 4QKK and PDB 5MVK. Thus, the crystallization conditions of PDB 4QKK exerted a greater effect on the conformation of the duplex core than did the presence of f C. Importantly, deviations of all structures from ideal A-DNA were also small, with the unmodified duplex exhibiting the highest value (1.44 Å) and PDB 4QKK exhibiting the lowest value (1.08 Å) ( Supplementary  Fig. 1 and Table 1 ). In agreement with the r.m.s.-deviation comparison, analysis of structural parameters of PDB 4QKK, PDB 5MVU and PDB 5MVK (Table 2, Supplementary Fig. 2 and Supplementary Tables 4 and 5) showed that, apart from anomalous features arising from crystal packing, all structures adopt an A-type conformation. The base pairs and dinucleotide steps in the central (CpG) 3 region of d(CTACGCGCGTAG) 2 (PDB 5MVK) and d(CTA f CG f CG f CGTAG) 2 (PDB 4QKK and PDB 5MVU) overlapped very well ( Fig. 1d-i) , thus further emphasizing the similarity between DNA containing f CpG and CpG tracts. Thus, we found no indication that f C significantly alters base-stacking geometry in the crystal state.
To our knowledge, PDB 5MVK is the only published crystal structure of an unmodified right-handed DNA duplex containing three consecutive CpG steps. To investigate whether the repeating CpG steps, which are commonly found in gene promoters 2 , might give rise to significant conformational differences, we crystallized three analogs under similar conditions, in which the internal (CpG) 3 motif was changed (PDB 5MVP, PDB 5MVT and PDB 5MVQ) (diffraction data collection and refinement statistics of all structures in Tables 3 and 4 ; twinning statistics of PDB 5MVU in Supplementary  Table 6 ). Notably, certain structural parameters, such as roll angle, showed an alternation of values corresponding to the alternating pyrimidine/purine sequence 22 ( Supplementary Fig. 2 ). However, the overlays and r.m.s. deviations of these structures and the other three structures determined in this study ( Supplementary Fig. 3 and Supplementary Table 7) showed that conformational differences among the duplexes were small in all cases. The largest was between PDB 5MVQ (d(CTACGGCCGTAG) 2 ) and PDB 5MVT (d(CTACGTACGTAG) 2 ), which exhibited an r.m.s. deviation of only 1.26 Å (448 atoms). Notably, the differences between the formylated duplex PDB 5MVU and its unmodified analog PDB 5MVK were smaller than those between two unmodified duplexes.
In summary, all duplexes were typical of the A family, and the f C-containing structures were very similar to that of the unmodified control. Substantial differences, which typically occurred at the duplex ends, were attributable to crystal packing, as demonstrated by the differences observed between the two structures of an identical f C-containing duplex crystallized under very different conditions.
Effect of f C on helical coiling and trajectory
Modeling studies on the F-DNA structure and its junction with B-DNA have been interpreted as showing that f C affects DNA helical coiling and trajectory and gives rise to pronounced changes in groove geometry 17 . To investigate this possibility further, we modeled junctions formed between ideal B-DNA and the f C-containing structures PDB 4QKK and PDB 5MVU and compared them with an ideal A-DNA-B-DNA junction 21 . The two base pairs at each end of the duplexes (which lacked f C) were removed to minimize the incorporation of crystalpacking artifacts ( Fig. 2d,e ; models containing the full 12-mers in Supplementary Figure 4) . Although the f C-containing structures indicate that the helical trajectory and groove geometry are affected at junctions with B-DNA, equivalent effects are exhibited in the model of the A-DNA-B-DNA junctions. Therefore the reported differences in DNA curvature and groove geometry are not attributable to f C but are a consequence of the junctions formed between A-and B-DNA. Next, we built analogous models in which the structures are flanked by A-DNA. The f C-containing models closely resemble ideal A-DNA, further illustrating that the f CpG repeats in PDB 4QKK adopt A-form geometry rather than a unique conformation. These observations are consistent with the all-atom r.m.s. deviations between PDB 4QKK and an A-DNA model of analogous sequence generated with standard parameters (Table 1) , thus indicating that when the outermost basepair steps at each end of the PDB 4QKK duplex were excluded from the calculation, the conformation of PDB 4QKK resembled the ideal A-DNA model more closely than the unmodified control PDB 5MVK, with r.m.s. deviation values of 1.08 and 1.44 Å, respectively.
Solution NMR analysis
Our X-ray diffraction results showed that f C has only small effects on the A-DNA conformation in the crystal state. However, B-DNA is the dominant form in solution. To determine the influence of f C in solution, we recorded 2D NMR spectra of three DNA duplexes: the native sequence (d(CTACGCGCGTAG) 2 ) and two f C-modified duplexes (d(CTA f CG f CG f CGTAG) 2 and d(CTACG f CGCGTAG) 2 ). All protons except the H5′/H5″ were assigned uniquely in each duplex by using a combination of DQF-COSY ( Fig. 3 and Supplementary Fig. 5 ) and NOESY ( Supplementary Fig. 6 ), and the chemical shifts were determined (Supplementary Table 8 ). As expected, the largest changes were for the modified cytosines, for which the H6 resonance moved approximately 0.9 p.p.m. downfield, thereby reflecting the altered electronic structure of the nucleobase. In contrast, resonances of the nearest-neighbor bases changed only slightly (Supplementary Fig. 7a) . Similarly, the sugar protons also showed only small perturbations (Supplementary Fig. 7b ), thus suggesting that, at most, small conformational changes occurred in the vicinity of the modified bases.
We determined the imino-proton region of a NOESY spectrum of d(CTA f CG f CG f CGTAG) 2 , recorded in 93% H 2 O at 288 K (Supplementary Fig. 6a ). As expected, there were four GN1H and two TN3H. The terminal G12N1H was exchange-broadened, owing to fraying. The interimino proton and TN3H-AdeC2H NOEs indicated that all bases were involved in Watson-Crick base-pairing and, except for G12-C1, were dynamically stable. We also noted cross-peaks between the TN3H protons but not the GN1H (except G12) and water, which were consistent with some exchange of the TN3H with water on this timescale (250 ms), as is typical of A-T versus G-C base pairs 23 . Substantial differences between structures occur at the duplex ends, rather than near the formylated sites, and can be attributed to differences in crystal-packing interactions. (b) Overlay of crystal structures PDB 5MVK (blue) and PDB 5MVU (magenta), whose sequence is identical to that of PDB 4QKK. Conformational differences are negligible (r.m.s. deviation of 0.65 Å, 486 atoms) between the f C-containing structure PDB 5MVU and its unmodified counterpart, PDB 5MVK, both of which crystallized in the space group P3 2 21. (c) Overlay of structures PDB 5MVU and PDB 4QKK, of an identical f C-containing duplex crystallized under different conditions; the salt content of the crystallization buffer for PDB 4QKK was an order of magnitude higher than that for PDB 5MVU and the other structures determined in this study. (d,e) Stacking of base pairs X4-G′9 with G5-X′8 (d) and G5-X′8 with X6-G′7 (e), where X is f C for PDB 5MVU and PDB 4QKK, and is C for PDB 5MVK. (f,g) The respective base pairs in d and e are shown individually in f and g, respectively; differences in base-stacking geometry among all three structures are small. (h,i) Overlays of the aforementioned base pairs are shown collectively for PDB 5MVU and PDB 5MVK (h) and for PDB 4QKK and PDB 5MVU (i), indicating that differences in conformation between the CpG and f CpG steps are small and do not significantly propagate.
These results confirmed the stability of the f C-G base pairs. Very similar results were obtained for the native and doubly modified duplexes. A-and B-forms are readily distinguished by NMR 24 , and to assess the conformational properties of the duplexes, we recorded highresolution DQF-COSY and short (50 ms) mixing-time NOESY spectra in D 2 O at 293 K (H1′-H2′/H2″ region of the DQF-COSY spectra of d(CTA f CG f CG f CGTAG) 2 in Fig. 3 ). The number of resonances was as expected for the duplex in which the strands are equivalent (for example, symmetric or a self-complementary sequence). The appearance of both cross-peaks and their fine structure was consistent with a sugar conformation primarily in the S domain, with the exception of the terminal C1, which showed more extensive dynamic averaging (Supplementary Table 9 ). We determined the sums of coupling constants Σ 1′ , and, when possible, Σ 2′ and Σ 2″ , from 1D spectra, DQF-COSY and NOESY spectra (with a mixing time of 300 ms). For all nonterminal residues J 1′2′ > J 1′2″ , as expected for C2′-endoa r t i c l e s conformations that are characteristic of B-DNA, compared with C3′-endo for which J 1′2′ < J 1′2″ , as is characteristic of the A-form and which would be characterized by a weak or absent H1′-H2′ cross-peak. The values of the couplings indicated that the dominant conformation is in the S domain, with a moderate admixture of the N domain 25 . Furthermore, the distance r 1′4′ estimated from the short-mixing-time NOESY was >3 Å for all non-f C residues, a result inconsistent with an O4′ conformation. Similar results were obtained for the native and doubly modified duplexes (Supplementary Table 9 ). However, this distance was noticeably shorter for the f C residues than for the unmodified cytosine in the native duplex. This difference parallels the lower fraction of the S state for these residues. Supplementary Fig. 4 ). To minimize the effects of crystal-packing artifacts, which are greatest at the duplex ends, an additional set of r.m.s. deviations was determined in which the two unmodified base pairs at either end of each duplex were excluded. The comparison shows that the all-atom r.m.s. deviation between the entire formylated duplex and its unmodified analog, which crystallized in the same space group, was only 0.65 Å, and that for all core structures, deviation from ideal A-DNA was small (<1.44 Å). Notably, the 8-bp core of structure PDB 4QKK, containing the entire formylated region flanked at each end by an unmodified base pair, exhibited the lowest deviation from ideal A-DNA (1.08 Å).
a r t i c l e s
In a portion of the base region of the NOESY spectrum of d(CTA f CG f CG f CGTAG) 2 (Supplementary Fig. 6c) , it is possible to trace the connectivity along the base H8/H6 protons as well as the f C formyl protons through the strand, as is typical of a right-handed helical structure. The NOE intensities at a short mixing time (50 ms) involving the nucleobase protons (Supplementary Fig. 6b ) showed very weak intensity for the H8/6-H1′ (both intranucleotide and internucleotide), strong intensity for the H6/8(i)-H2′(i) and weak intensity for the H6/8(i)-H2″(i). Furthermore, the intranucleotide H8/6-H3′ NOE intensity was also weak. These observations were consistent with a high anti glycosyl torsion angle and an S-type sugar pucker for each nucleotide, as confirmed by estimation of the internucleotide distances from the NOE peak volumes at 50 ms. The critical distance was the H8/H6(i)-H2′(i), which we determined to be 2.2-2.3 Å on average in the unmodified sequence and 2.2-2.5 Å in the f C-modified duplexes, compared with 2.2 Å and 3.8 Å for canonical B-DNA and A-DNA, respectively. The glycosyl torsion angles were in the range of −90° to −110° for all sequences, as is typically found in B-DNA, compared with the A-form (approximately −160°). The scalar coupling and intranucleotide NOE data therefore showed that the nucleotide conformations were B family in solution. The sequential internucleotide NOEs H2′(i) and H2″(i)-H8/6(i+1) were also consistent with a B-like helical geometry. These estimated distances were >3 Å and 2.3-2.5 Å, respectively, compared with the values found in standard B-DNA (3.6 and 2.5 Å) versus A-DNA (2.0 and 3.5 Å).
Because NOEs are very sensitive to small differences in conformation, we compared the NOE volumes for the various sequences as the sums of squared differences of the NOE values for each nucleotide ( Supplementary Fig. 7c,d ) and the global r.m.s. deviation (Supplementary Table 10 ). Comparing the intranucleotide NOE differences between the unmodified duplex and those containing two or six f C additions, we found that the differences were largest for f C compared with C and were small for other residues. This result was consistent with the chemical-shift perturbations as well as the observations from the 2 , where X is f C for PDB 5MVU and PDB 4QKK, and is cytosine for PDB 5MVK and the ideal duplexes generated from standard parameters 21 . The comparison shows that the structural parameters of all crystal structures correspond to the A family. Each data set was collected from a single crystal.
a Crystal was twinned (twinning statistics in Supplementary Table 6 ). b Values in parentheses are for the highest-resolution shell.
a r t i c l e s scalar couplings and the apparent r 1′4′ distances. Thus, the incorporation of f C influences the local nucleotide conformation, as characterized by a somewhat larger glycosyl torsion angle and a less pure C2′-endolike sugar pucker, but modest nucleotide-level conformational perturbation is not propagated throughout the helix and thus does not have a global influence on the structure, in agreement with findings in Szulik et al. 19 . The 5-formyl group has a large electronic effect on the nucleobase, as seen in the chemical shift of the f CH6 (approximately 0.9 p.p.m. downfield of C) and in the nearest-neighbor nucleotides.
In the crystal structure, some nucleotides have unusual phosphodiester torsions (Supplementary Table 4 ) that probably arise from packing interactions. 31 P NMR spectra respond to changes in backbone torsion angles 26 . We recorded 31 P NMR spectra of the duplexes and found no evidence of unusual torsion angles reflected in the chemical shifts (Supplementary Fig. 7e) 26 .
CD spectroscopy
CD spectroscopy provides characteristic signatures for different conformations of nucleic acids 27 . We recorded CD spectra of various duplexes at 20 °C in PBS (Fig. 4) , the buffer used for the NMR experiments, and in salt conditions that mimicked the crystallization conditions ( Supplementary Fig. 8c-e) . The unmodified duplex showed a CD spectrum typical of the B-form, in agreement with the NMR data, whereas one or three f C residues on each strand caused a substantial change in the spectra (Fig. 4a) , with the appearance of new transitions, regardless of whether f C was located in a CpG context (Fig. 4d,e) . Furthermore, the effect of f C on the CD spectra was site specific and dependent on the sequence context of f C but was not consistent with a change in chirality or a global change in conformation, as shown by the small conformation perturbation observed in solution NMR. Major effects on the CD spectrum were also observed for DNA containing ca C, which, like f C, has a carbonyl group conjugated to its nucleobase and therefore can also form a hydrogen bond with the 4-amino group of cytosine (Fig. 4f) . UV-absorption spectra of duplexes containing f C and ca C (Fig. 4b and  Supplementary Fig. 8a ) were also markedly different from that of unmodified DNA, thus indicating that the electronic environment of cytosine is strongly affected by the presence of a 5-carbonyl group.
DISCUSSION
The X-ray structures of the f C-modified duplex and its unmodified counterpart show that the formyl group has no significant influence on conformation in the crystal state. The differences between four unmodified sequence analogs, crystallized in the same space group, provide a convenient benchmark (Supplementary Figs. 2 and 3) . The small r.m.s. deviations between them (0.56-1.27 Å, Supplementary Table 7) reflected only small conformational changes associated with the different sequences. Notably, the overall r.m.s. deviation between the unmodified duplex and its f C-containing counterpart that crystallized isomorphously was at the lower end of this range (0.65 Å). Likewise, at the local level, overlays of trinucleotide steps (Fig. 1h,i) and r.m.s. deviation of the duplex cores (0.51 Å) showed that the effect of f C on conformation is minor. The r.m.s. deviation between the duplex cores of PDB 5MVK and the f C-containing structure PB 4QKK was also modest (1.45 Å), although somewhat higher than that between PDB 5MVK and PDB 5MVU, and was similar to that of the identical f C-containing duplexes crystallized under different conditions (1.21 Å). Conformational differences of a similar magnitude between identical dodecamer duplexes in different crystal environments have been reported, even within the same crystal lattice (r.m.s. deviation a r t i c l e s of 1.93 Å) 28 , thus illustrating the importance of crystal-packing forces. In summary, the conformational differences between f CpG tracts of identical duplexes crystallized in different space groups are greater than the differences arising from the presence of f C itself. Nevertheless, the small structural differences between unmodified and f C-containing DNA do not preclude a more subtle means of recognition by proteins. Indeed, small structural differences can give rise to major biological effects 29 , as demonstrated by A-tract DNA; the r.m.s. deviation between the 8-mer cores of the CGCAAAAAAGCG 30 and d(CGCATATATGCG) 2 duplexes 31 is 1.16 Å. Analysis of local structural parameters of nonterminal residues showed that all duplexes were in the A family of DNA, regardless of the space group, with minor local sequence-dependent variations that reflected the alternating CGCGCG sequence of the core. There were some specific deviations from typical A-form geometry at sites involved in crystal contacts, particularly between terminal base pairs (which do not contain f C) and the minor groove of symmetry mates. This type of end-groove packing is common in crystals of A-DNA 32 , whereas the distortion of terminal nucleotides resulting from crystalpacking interactions is a common feature of DNA crystal structures in general [33] [34] [35] . Our structures overlaid well with the f C-containing structure determined by Raiber et al. 17 . If such structures are joined to B-DNA on both ends, a perturbation similar to that reported for F-DNA is obtained, whereas none occurs when canonical A-DNA is added to the ends (Fig. 2e) . Our X-ray data conclusively showed that any changes to the duplex conformation are not contingent on f C modification, because all the duplexes have very similar A-type structures. This similarity is also the case for f C in RNA, which is also A-form 36 , and for a modified Dickerson-Drew dodecamer containing f C, which is B-form in the crystal state (PDB 1VE8) 19 . Furthermore, our NMR data showed that in solution these duplexes all adopt the B conformation and that the differences induced by the f C modification are rather small and local and are unlikely to act as a gross structural recognition feature for TET 37 , TDG 38 or other enzymes. We conclude that there is no compelling evidence for a unique f C-dependent F-DNA structure, nor are the specific hydration patterns in the X-ray structure likely to be relevant for B-form duplexes 17, 32 . Furthermore, the hydration pattern of PDB 5MVK was markedly different from that of PDB 4QKK, despite exhibiting similar base-stacking geometries in the CpG and f CpG tracts (Supplementary Fig. 8f) , thereby suggesting that hydration is not the dominant factor in determining the observed stacking geometries. This family of oligonucleotide duplexes provides an example of the structural differences between DNA duplexes in solution (predominantly B) and the crystal state (commonly A), which often forms as a result of the dehydrating conditions needed for crystallization.
The overall structural similarity between f C-DNA and unmodified DNA raises a crucial question: which features of f C-DNA do enzymes such as TDG recognize? The present results do not support a substantial shift in global conformation from B-DNA as the primary recognition feature. In the complex with TDG, the DNA is severely distorted, thus forming a structure in which the modified base is flipped out, as has been observed in other DNA glycosylases 39, 40 , though the flanking regions remain more B-like than A-like. Conceivably, there could be an equilibrium between the B-structure and one with a base flipped out. However, Zhang et al. 38 have estimated the binding of TDG to duplexes with different modified C-G base pairs compared with G-T and the apyrimidinic (Ap) product G-Ap, by using a catalytically inactive TDG enzyme. The highest affinity was for the product duplex (G-Ap), and the lowest was for unmodified DNA (G-C) or G-m C, which are also not cleaved by TDG. The overall reaction involves the enzyme binding to DNA and subsequent bending and insertion of an amino acid residue via the minor groove, thus causing the desired base to flip out, exposing the glycosyl bond for cleavage within the TDG active site. Such a structure in the absence of enzyme would be at a much higher energy than the relaxed B-DNA, and our data and those of Szulik et al. 19 indicate that the population of flipped-out bases is very low in free f C-DNA. To achieve a productive complex, the flipped-out base must make a large number of interactions with the enzyme to compensate for the local energy of distortion of the duplex. Specific interactions of this nature between the active site residues with 5-formyl or 5-carboxyl groups, compared with the 5H of unmodified cytosine, are sufficient for recognition and have recently been observed 38, 41 . After a productive complex has formed, the nucleobase cleavage rate depends inversely on the strength of the glycosyl bond, which is lower in f C and ca C than in cytosine itself 42 . Notably, f C has a conformationally restrained formyl group 43 and a large dipole moment with different directionality from that of C 44 . f C has the potential to form strong polar interactions at the TDG enzyme recognition site and also has high N1 acidity and a weaker N1-C1′ bond; hence, under appropriate conditions, it is a good leaving group. Thus, it satisfies both the binding and excision requirements and consequently has the highest excision rate among the epigenetic cytosine derivatives. ca C may also form strong binding interactions with TDG, but is a poorer leaving group, owing to the negative charge of the carboxylate anion. Therefore, its overall rate of excision is lower than that of f C and occurs via a different mechanism 42 . Interestingly, a recent crystal structure of RNA polymerase II in complex with ca C-containing DNA indicates that RNA polymerase II a r t i c l e s hydrogen-bonds directly with the 5-carboxyl group, thereby decreasing the transcription efficiency 45 . Similar transcriptional effects were also observed for f C, probably through interactions with the 5-formyl group, though the structure of the complex has not yet been reported. We anticipate that further reports of epigenetic readers of f C will involve sensing based on direct localized interactions with the formyl group. Although the control duplex and its f C-containing counterparts have very similar structures in solution (B-form), they exhibit drastically different CD spectra, a result attributable to the altered electronic transitions in the modified bases. The effect is not exclusive to f CpG steps; in all sequence contexts that we examined, the CD spectra of DNA duplexes containing multiple f C bases were strongly perturbed, thus yielding different spectra depending on the local environment of the f C bases (Fig. 4d,e) . This result was also true for ca C (Fig. 4f) . It is highly unlikely that the various CD spectra of f C and ca C DNA in Figure 4 represent multiple different helical conformations; thus, the profound effects on CD must result from local factors. This possibility is consistent with the abnormalities observed in the absorption spectra of f C and ca C DNA in the same UV region ( Fig. 4b and  Supplementary Fig. 8a) . Moreover, the CD spectrum of a 12-mer duplex containing only a single diformylated base step was clearly different from its unmodified counterpart ( Fig. 4a and Supplementary  Fig. 8e ) yet was B-DNA (according to NMR analysis under identical conditions). Thus, assigning conformational classes of nucleic acids on the basis of CD spectra where there are modified bases is likely to be ambiguous.
In conclusion, our studies indicate that f C does not change the global conformation of DNA, and our data suggest a mechanism that operates at base-pair resolution for its recognition. Despite the small structural differences between the f C-containing duplexes and their unmodified analog, it remains possible that f C may alter the mechanical properties of DNA. Indeed, a recent report has indicated that f C increases the flexibility of DNA 46 . Such an effect may lower the energetic penalty in forming certain DNA-protein complexes that involve bending of DNA, such as TDG. However, a more comprehensive picture of the dynamic behavior of f C-modified DNA, and any biological implications of such effects remain to be established.
METHODS
Methods, including statements of data availability and any associated accession codes and references, are available in the online version of the paper. NOESY spectra were recorded with an acquisition time of 1 s in t 2 , 50 ms in t 1 and a relaxation delay of 1 s, with presaturation during the 1-s relaxation delay, and with mixing times of 300 and 50 ms. DQF-COSY spectra were recorded with an acquisition time of 1 s in t 2 , 50 ms in t 1 and a relaxation delay of 1 s, with presaturation during the delay. 2D data were transformed with 32,768 points in t 2 (one zero filling), with one linear prediction and one zero filling in t 1 . The FIDs were apodized with an unshifted Gaussian function and a 1-Hz linebroadening exponential.
DNA was then lyophilized and redissolved in 92.5% H 2 O with 7.5% D 2 O. NMR spectra in water were recorded with excitation sculpting for water suppression with an acquisition time of 1.5 s, and a relaxation delay of 2.5 s at 15 °C. ES-NOESY spectra were recorded with an acquisition time of 0.386 s in t 2 and 0.036 s in t 1 and a mixing time of 250 ms. The FIDs were Fourier transformed as 16,384 × 2,000 points with one linear prediction in t 1 and apodized with a line-broadening exponential of 1 Hz plus an unshifted Gaussian function in both dimensions.
Resonances were assigned with the NOESY and DQF-COSY spectra 55 . The DQF-COSY spectra and 1D NMR spectra were used to measure coupling constants in the deoxyribose sugars, and these were analyzed to estimate the sugar conformations according to published procedures 56 . The peak volumes in the 50-ms NOESY spectra were determined and used to estimate interproton distances with the Cyt C5H-C6H (C6H-CHO in the f C) as reference. For the H1′-H4′ distance, the NOE volume of the H1′-H4′ cross-peak was normalized to the H2′-H2′′ cross-peak of the same residues, to decrease the effects of dynamics with the shared H1′. The NOESY data were compared with the values expected for A-and B-DNA. Furthermore, the normalized NOESY volumes were compared between the unmodified duplex and the two modified duplexes, calculated as the r.m.s. deviations to assess conformational differences.
1D 31 P NMR spectra were recorded at 16.45 T on a Bruker Avance III spectrometer equipped with a 5-mm inverse HCNP cryoprobe, with an acquisition time of 1.5 s, a relaxation delay of 1.5 s and 1,024 transients with proton decoupling during the acquisition period. 
